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Electrochemically Desulfurized Molybdenum
Disulfide (MoS2 ) and Reduced Graphene Oxide
Aerogel Composites as Efficient Electrocatalysts for
Hydrogen Evolution
Sanju Gupta11 ∗ , Taylor Robinson11 † , and Nicholas Dimakis2
1

Department of Physics and Astronomy, Western Kentucky University, 1906 College Heights Blvd. Bowling Green, KY 42101, USA
2
Department of Physics and Astronomy, University of Texas-Rio Grande Valley, Edinburg, TX 78539, USA
Recent developments in graphene related materials including molybdenum disulfide (MoS2 ) is
gaining popularity as efficient and cost-effective nanoscale electrocatalyst essential for hydrogen
production. These “clean” energy technologies require delicate control over geometric, morphological, chemical and electronic structure affecting physical and electrochemical catalytic properties. In this work, we prepared three-dimensional hierarchical mesoporous aerogels consisting of
two-dimensional functionalized graphene and MoS2 nanosheets of varying ratio of components
under hydrothermal–solvothermal conditions (P < 20 bar, T < 200  C). We systematically characterIP: 129.7.158.196
On: morphology,
Thu, 04 Junmicrostructure,
2020 15:58:01
ized these hybrid aerogels
in terms of surface
understand heterointerCopyright: American Scientific Publishers
faces interaction through electron microscopy, X-ray diffraction, optical absorption and emission and
Delivered by Ingenta
Raman spectroscopy, besides electrochemical properties prior to and post electrochemical desulfurization that induces finely controlled sulfur vacancies. They feature enhanced electrical conductivity by means of eliminating contact resistance and meso-/nanoporous structure facilitating faster
ion diffusion (mass transport). We demonstrate that controlled defects density, edges plane sites
(nanowalls), mesoscale porosity and topological interconnectedness (monolithic aerogel sheets)
invoked can accelerate electrocatalytic hydrogen production. For instance, low over potential with
Tafel slope ∼77 mV · dec−1 for 60 wt.% MoS2 , highcurrent density, and good stability was achieved
with desulfurization. These results are compared with continuous multilayer MoS2 films highlighting
the multiple role of tunable structure and electronic properties. The adjacent S-vacancy defectsinduced increase in density of states, dissociation and confinement of water molecules at the pore
edge and planar S-vacancy sites calculated using density functional theory helped in establishing
improved heterogeneous electrocatalytic rate. This is supported with combined measurements of
diffusion coefficient and heterogeneous electron transfer rate via surface-sensitive scanning electrochemical microscopy (SECM) technique.

Keywords: Graphene/MoS2, Electrochemical Desulfurization, Sulfur Vacancy, Tafel Plots.
1. INTRODUCTION
Hydrogen (H2 ) has been considered as a clean “green”
and sustainable energy resource that can be easily generated via electrolysis and used without producing any
greenhouse gases. Since the emergence of photocatalytic water splitting in 1972 [1], hydrogen evolution
reaction (HER; 2H+ + 2e− → H2 in acidic medium and
∗
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2H2 O + 2e− → H2 + 2OH− in alkaline medium) by electrochemical catalysis have attracted enormous attention
because it requires harvesting only water and useful for
fuel cells as the reverse reaction [2–5]. According to
the classic theory, HER proceeds through three principle
kinetic reaction step involved within reductive half reaction of water splitting in acidic medium [6]:
H3 O+ +e− → Hads +H2 O (Volmer reaction, discharge step)
(or H+ + e− + M (active site) ↔ MHads )
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Hads + H3 O+ + e− → H2 + H2 O (Heyrovskyor reaction,
between two atomic planes of S with a 6.5 Å van
electrochemical desorption step) or (H+ + e− = MHads ↔
der Waals gap separating each sheet in a two structural
M + H2 )
polytypes namely, trigonal prismatic (2H) and octahedral
Hads + Hads → H2 (Volmer–Tafel reaction, recombination
(1T) arrangement [28, 29]. It is a semiconductor with
step) or (2MHads ↔ 2M + H2 ).
direct (indirect) band gap of 1.96 eV (1.2 eV). As a result,
Thus, HER may occur via the Volmer–Heyrowsky
it possesses a variety of distinct surface sites and electron
mechanism or the Volmer–Tafel mechanism. In both cases,
and hole mobilities approximately 2,200 times faster along
the reaction proceeds through hydrogen atoms adsorbed at
a basal plane than perpendicularly between sheet [30].
the metal electrode surface sites, Had , and thus the rate
Due to precious metal-free composition, MoS2 represent
of the overall reaction is influenced by the free energy
a promising class of materials for making electrochemiof hydrogen adsorption as described by Parsons [7]. In
cal hydrogen production feasible. The favorable properelectro- and heterocatalysis, the reactivity is correlated to
ties for HER emanate from the presence of catalytically
adsorption energy. According to Sabatier principle, the
active sulfur atoms on the molybdenum edges planes with
interactions between catalysts and reactants should neiS vacancies (whereas basal plane, normally with comther be too strong nor too weak, for reaction to proceed
pletely coordinated sulfur atoms, is basically inert), high
efficiently. If the hydrogen to surface bond is too weak,
stability in strong acids and an advantageous band gap
the adsorption step will limit the overall reaction rate and
aligned with the hydrogen redox potential [31–35]. The
if otherwise (too strong), the desorption step will limit
observation of MoS2 edge activity for the HER has opened
the overall reaction rate. To maximize the rate of the
new avenues for increasing catalyst performance and
HER, a catalyst with appropriate surface properties must
efforts are particularly focused on exposing catalytic edge
be employed. Currently HER involves utilization of expensites by engineering the morphology (amorphous, flowersive noble precious metals such as Pt, Pd and Rh or alloys
like nanosheets, micro-boxes and nanoparticles, molecular
in acidic medium [8, 9] as well as semiconductors includcluster forms) of MoS2 and by optimizing the basal plane
ing TiO2 [10, 11], but high cost, global low availability and
to edge plane sites ratio. Several routes for improving the
catalytic poisoning hinders their large-scale implementadensity of accessible edges at the surface of TMDs have
tion [12–15]. Therefore, substantial technological advancebeen proposed, evaluated and compared [36–38]. The typments are necessary to make widespread implementation
ical engineering the surface of the catalysts is to expose
IP: 129.7.158.196 On: Thu, 04 Jun 2020 15:58:01
of water splitting that is economically
viable.
One
critedges, orPublishers
introducing structural defects to create new surCopyright: American Scientific
ical requirement for HER is the development of
highly byfaces
with edges by creating holes or nanovoids. Alternate
Delivered
Ingenta
electro active, stable electrocatalysts composed of earthways are creating vertically aligned nanosheets, nanowalls
abundant materials, which are cost effective and can be
since in-plane conductivity is 2–3 orders of magnitude is
produced using facile synthesis approaches [16]. Since
higher than out of plane configuration between the laythen a plethora of activities involved in the development
ers. Although a plethora of active edge sites is beneficial,
of cost-effective, noble metal free electrocatalysts [17]
the vertical charge transport through layers is an important
such as tungsten- [18], molybdenum- [19], cobalt- [20],
limitation in HER performance, which must be addressed
iron- [21], and nickel-based materials [22–24]. However,
while developing MoS2 based electrocatalysts with optimost of these materials have had a large reaction overmum performance. The combined increase in unsaturated
potential () of 100–200 mV [25, 26]. Thus, design and
sulfur edge sites and enhanced electron transfer accrued
development of efficient electrocatalysts for hydrogen profrom the optimized layers for enhances catalytic activity.
ductions, underpins several emerging clean-energy techMoreover, there are three different techniques suggested to
nologies.
optimize the HER activity of MoS2 include: (1) via defects
Amidst two-dimensional layered transition metal
engineering in MoS2 nanosheets to increase the catalytic
dichalcogenide (TMD) such as naturally occurring molybactivity of the activity sites, (2) in improving the electridenum disulfide (MoS2 ) and tungsten disulfide (WS2 ),
cal contact to these sites by strategic selection of support
density functional theoretical (DFT) calculations by
material; the choice of substrates influences the energy of
Hinnemann et al. [27] has demonstrated that the free
hydrogen adsorption to a thermo-neutral value; (3) increasenergy of hydrogen adsorption (ãGH ) for MoS2 is
ing the number density of active sites of the catalysts by
≈0.08 eV, which is close to thermo-neutral making MoS2
means of increasing effective surface area; and finally, (4)
potentially promising HER inorganic catalyst. This preintrinsic conductivity of semiconducting 2H MoS2 can be
enhanced via edge sites without inducing structural phase
diction was further confirmed experimentally on MoS2
nanoparticles systematically varying terrace and edge site
transformation [39]. These postulations are substantiated
by several reports from the existing literature mentioned
densities, where a linear correlation between the exchange
current density and MoS2 edge length was established.
above. Rational control of geometric, topologic, structural,
electronic, and chemical properties is an important issue
MoS2 is a layered compound similar to graphite; each
for their dedicated applications including electrochemical
layer consisting of an atomic plane of Mo sandwiched
6192
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energy (conversion, storage and harvesting) systems as
terms of density of states with and without adjacent and
well as electrosorption, sensing and electrocatalysis [40].
non-adjacent S-vacancies in hydrated environment highWhile there are several new reports, it is recognized that
lighting the defect-induced increase in density of states
the development of electrocatalysts has been essentially
(midgap states), confined water molecules and dissociaempirical. Moreover, there remains a gulf between those
tion of water molecules at the adjacent S-vacancy sites on
who develop electrode materials and those who seek to
basal or edge planes. Finally, potential for future nobleunderstand the surface of electrocatalysts and heterogemetal free electrocatalyst designs based on topological and
neous electrocatalysis process.
quantum materials are mentioned.
In this work, we assembled “hybrid” ensemble of
conductive graphene nanosheets supported MoS2 nano2. EXPERIMENTAL DETAILS
structures and interlaced graphene and MoS2 nanosheets
2.1. Materials and Methods
network via facile hydrothermal–solvothermal synthesis
2.1.1. Preparation of GO
with varying component ratio for structural and phase
GO was prepared by modified Hummers’ method referoptimization. The interaction between chemically reduced
ring to our previous work and was dispersed indeiongraphene oxide (CrGO) and MoS2 is systematically studized (DI) water by ultrasonication to give a stable brown
ied with complementary techniques to show creation of
dispersion [20].
emergent hetero-interfaces with desirable combined physical (higher electrical conductivity, mechanical strength)
2.1.2. Preparation of Aerogels and Films
and chemical properties (higher specific surface area,
The graphene and graphene-MoS2 aerogels were synthefaster diffusion or mass transportation, facile electron and
sized using hydrothermal–solvothermal method using two
ion transportation). The electrocatalytic and advanced elecseparate dispersions followed by mixing them for hybrids
trochemical microscopy studies are conducted in view
(see Fig. 1 schematic). The first dispersion was graphene
of fundamental insights into interfacial processes supoxide (GO), where 400 mg GO powder was dispersed in
plemented with hierarchical mesoporous and topologi200 mL DI water to create 2 mg/mL concentration. This
cal interconnectedness, invoked in synthesized reduced
solution was ultrasonicated for 4–6 hours to ensure wellgraphene oxide-MoS2 monolithic aerogels (GA-MoS2 ,
dispersed homogeneous solution with no large or small
hereon) with finely tuned surface structure and enhanced
GO
1.1 mL
of ethylenediamine (EDA) was mixed
heterogeneous electron transfer rate
).
We
also
ampliIP:(k
129.7.158.196
On:
Thu,
04 flakes.
Jun 2020
15:58:01
ET
Copyright:
American Scientific
Publishersfor cross linking and as surfactant. The
into GO dispersion
fied the typical data collected for the
electrochemical
Ingenta
dispersion was made by creating 200 mL mixture
HER such as overpotential by precise control Delivered
of basal bysecond
of 45% isopropyl alcohol (IPA) and 55% DI water. Then
and edge site defects density via electrochemical desulfu800 mg of molybdenum disulfide (MoS2 ) was dispersed
rization of MoS2 nanosheets. The applied desulfurization
with DI (400 mL) to produce 4 mg/mL concentration
potential and operating duration is varied for controlled
dispersion and ultrasonicated for an hour before adding
HER activity. Defects in solids dramatically perturb the
2.2 mL of EDA. These two solutions were then mixed in
local density of states (LDOS) and create additional energy
varying volume to obtain a range of MoS2 concentration
levels between the valence and conduction bands. Only
i.e., 40%, 60%, 80%, and 90% wt.% and ultrasonicated for
a very limited number of investigations have focused on
an hour for homogenization. Additionally, GO and MoS2
understanding and elucidating the role of defects that can
dispersion with EDA were also used to prepare graphene
potentially open new directions for increasing the conducand MoS2 aerogels by themselves as control. The GO and
tivity and density of active sites of basal planes of the
MoS2 dispersions were placed into a box furnace at 180  C
nanosheets. For this purpose, while a direct comparison
for 16–18 hours and the mixtures (GO/MoS2 ) with varyof the catalytic performance of the basal and edge sites
ing concentration of MoS2 were all heated at 180  C for
of nanosheets remains challenging due to the large dif24 hours. All the solutions were cooled normally, taken
ference in electrical properties between the metallic edges
out of furnace and 0.33 L monohydrate hydrazine was
and the semiconducting basal plane, here in this study we
added for every 40 mL solution. All of the dispersions
attempted to fulfill these gaps using advanced electrochemwere placed back in the furnace for 12 hours at 90  C.
istry. The GNS-MoS2 composites displayed a unique 3D
Upon completion, all the dispersions are in hydrogel state.
architecture leading to high catalytic performance with low
To remove the moisture and bulk water, the hydrogels were
overpotential, reasonably good stability, high current and
active site density. This unique method of tuning the propfreeze dried at −30  C for at least 72 hours to sublime
erties of MoS2 is promising for creating noble metal-free
the fluid out and transition them into aerogels. These aerogels were then thermally processed for 3 hours in vacuum
catalysts. The results are also compared with continuous
few-layer MoS2 prepared from monolayer MoS2 disperoven at 160  C to remove the remaining water molecules
sions on gold coated silicon substrates and graphite rod.
(see Fig. 1, panel A). To prepare electrodes, we crushed
Additionally, density functional theoretical (DFT) calculathese aerogels and made a paste by adding N -methyltions are performed for MoS2 /graphene hybrid system in
2-pyrrolidone (NMP) organic solvent dropwise to create
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020
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(A)

(B)
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Figure 1. (A) Hydrothermal synthesis scheme for graphene-MoS2 ‘hybrid’ aerogels and continuous films. (B) SEM images of MoS2 , CrGO, 40, 60,
80 and 90 wt.% MoS2 aerogels along with multilayer MoS2 from monolayer MoS2 and precursors GO and rGOth . Some of the images are falsely
colored to depict apparent morphology of aerogels.

6194

J. Nanosci. Nanotechnol. 20, 6191–6214, 2020

Gupta et al.

Electrochemically Desulfurized MoS2 and Reduced Graphene Oxide Aerogel Composites as Electrocatalysts

slurry, which was spread over conducting (stainless steel
and ITO coated glass) substrates as films and air dried
overnight (see Fig. 1, panel A). In addition to aerogels, a
solution of GO 2 mg/mL and monolayer MoS2 4 mg/ml
concentration were drawn into a syringe and spread onto
gold and stainless-steel substrates, allowed to dry, leaving GO and MoS2 nanosheets/flakes. This process was
repeated 4 times, so continuous thin films of raw precursors GO and monolayer MoS2 nanosheets are formed for
comparison (see Fig. 1, panel A).

measured between 230 nm and 800 nm in interval of
1 nm. All of the measurements were carried out at room
temperature.
Raman spectra were acquired to determine lattice bonding variation, chemical composition and structural phases
of graphene and MoS2 nanostructures. The spectra were
measured using a micro-Raman spectrometer (Model In
Via Renishaw plc, Hoffman Estates, IL, USA) equipped
with a laser providing excitation wavelength 633 nm (or
energy EL = 1.92 eV). The reflected light is filtered using
edge filter to remove laser excitation cutting at ∼100 cm−1
2.1.3. Electrochemical Desulfurization
and sent to the spectrometer. The scattered light from the
sample is collected in backscattering geometry transmitted
The MoS2 samples were electrochemically desulfurized to
and detected by CCD camera. An objective lens of 50×
remove sulfur in order to improve electrocatalytic activity
was
used providing a spot size of ∼1–2 m and the laser
in amperometry mode at several potentials −0.5 V, −0.6 V,
power
on the sample is maintained between <0.1–0.5 mW
−0.8 V, −1.0 V, −1.6 V, −1.9 V, and −2.0 V versus RHE
(1
or
5%)
using neutral density (ND) filters to avoid local
each for 10 min monitoring current or current density prior
heating
effects
preventing photothermal degradation. The
to stability tests that was conducted at constant potential
Raman
spectra
were acquired from 120–180 s depending
of −0.32 V versus RHE for 8 h.
upon the laser power used and to maximize throughput
signal. Raman spectra ranged from 120–3200 cm−1 for
2.2. Characterization
MoS2 samples and 1100 cm−1 to 3200 cm−1 for graphene2.2.1. Microstructure and Electrochemical Properties
related aerogel samples with spectral resolution 1 cm−1 .
All the samples were characterized using complimenThe optical microscope stage of Raman spectrometer is
tary techniques to reveal surface morphology, microstrucpiezo-controlled that allows mapping Raman spectra. The
ture and lattice vibration properties. Scanning electron
acquisition time per pixel was a few minutes to an hour
microscopy (SEM) images were taken with an instrument
in case of Raman mapping with step size 0.10 m (or
(Model JSM-6510LV, JEOL Ltd.IP:Peabody,
MA,
USA)
129.7.158.196 On: Thu, 04 Jun 2020 15:58:01
200
nm) Publishers
for an area of 20 × 20 m2 to elucidate compooperating at a primary electron acceleration
voltage
(V
)
Copyright: American
Scientific
acc
homogeneity through intensity distribution of speof 15 kV at constant current 45 A in secondaryDelivered
electron bynents
Ingenta
cific Raman peaks.
imaging (SEI) mode with a LaB6 filament. For transmisA custom designed single compartment three-electrode
sion electron microscopy (TEM), a few flakes were diselectrochemical cell was used for electrochemical meatributed onto commercial lacey carbon coated Cu grids
surements, using an electrochemical workstation (Model
(Ted Pella, Inc. CA). TEM images were taken using a
CHI920D, CH Instruments, Austin, TX, USA) in cyclic
JEOL instrument (Model 1400 Plus, OR) operating in
voltammetry (CV), linear sweep voltammetry (LSV) and
cryo-EM and SAED modes at 100 kV and 1 nA from LaB6
impedance spectroscopy (EIS) modes. The three elecgun with a Be specimen holder, a Gresham SiLi detectrodes include Ag/AgCl reference electrode, a Pt wire
tor with Moxtek AP3.3 window and with AMT 8 Mpixel
counter electrode and the aerogel samples as working eleccooled camera. For SAED patterns, we used 0.10 m
trode. The CV and LSV were measured in 0.1 M H2 SO4
aperture producing a small spot size and spread the beam
base electrolyte in the potential range −1.5 V–+0.5 V
to increase the electron coherence length at the samples.
at various scan rates v = 5, 10, 20, 50 and 100 mV/s.
TEM measurements provided nanoscale morphology and
Impedance spectroscopy and chronopotentiometry (chargintrinsic microstructure that help to determine interplanar
ing/discharging) tests were ran at 1 A, 10 A, 50 A,
spacing from selected area electron diffraction (SAED)
100 A, 500 A and 1 mA. After post-desulfurization
patterns. X-ray diffractograms (XRD) were collected on
of MoS2 -based samples, all the electrochemical measurea powder diffractometer (Bruker Model D8 ADVANCE,
ments were performed in a similar manner. Scanning
Bruker) using Cu K radiation ( = 1.5406 Å) in 2 =
electrochemical microscopy (SECM) was performed to
10–80 with a step 0.02. The UV-Visible absorption and
probe electrode/electrolyte interface and to capture inforfluorescence spectra were measured using optical specmation about electrochemical (re)activity. The samples
trometer (BioTek Model Synergy H1 Multi-mode Reader,
were coated on gold and stainless steel substrates and
Winooski, VT) equipped with a Xenon lamp as broadband
tested in base electrolyte 0.1 M H2 SO4 and 0.5 M PBS
excitation source. For fluorescence and photoluminescence
with 5 mM K3 Fe(CN)6 (potassium ferricyanide) redox
excitation (PLE) spectra, the excitation wavelength ex
mediator. Measurements in microelectrode configuration
used was scanned from 300 nm–600 nm with 30 nm interincluded cyclic voltammetry at scan rates v = 10, 20 mV/s,
val and spectra were measured with 0.5 nm step size in
probe approach with tip voltage Vt = +0.5 V and substrate
the range 350–650 nm and UV-Vis absorption spectra is
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020
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voltage Vs = −0.4 V (polarity 1; pol1) and Vs = +0.4 V
(polarity 2; pol2) to determine heterogeneous electron
transfer rate (kET ), and SECM imaging with these polarities in probe area 250 m × 250 m with 2 m increment [41, 42]. Samples desulfurized at −0.5 V and 2.0 V
were produced for SECM related measurements with the
same parameters for comparative study.

non-empirical/parameter-free functional [48, 49]. For comparison, selective calculations use the screened hybrid
functional HSE06 of Heyd, Scuseria and Ernzerhof, which
provide band gaps that better agree with experiments [50].
All calculations are treated using the D3 semiempirical
correction by Grimme et al. [51]. This correction improves
the DFT functionals description of the long-range electron correlations that are responsible for van der Waals
interactions between the waters and MoS2 . All atoms
2.3. Computational Methods
are
described by all-electron basis sets, which are opti2.3.1. Periodic Slab Modeling
mized
for crystalline calculations. The S and H atoms
MoS2 Modeling. Pristine 2H MoS2 three-layer slab is
are
treated
by the pob-TZVP basis sets from Peintinger
modeled as two-dimensional 4 × 4 hexagonal lattice with
et
al.
[52]
and
the O atoms by the split-valence 8-411G
16 atoms per layer in the unit cell (48 atoms in total).
(2d1f
)
basis
set
from Mahmoud et al. [53]. Effective core
Here, the S atoms occupy the top and bottom MoS2 layers
potentials
(ECP)
are used for Mo atoms and Mo valance
and Mo resides in the middle layer. Figure 10(A) shows
is
described
by
(3s2p2d1f
) basis set [54]. For geomethe geometrically optimized unit cells for hydrated pristine
try
optimizations,
Brillouin
zone
integrations (Monkhorstand defective MoS2 with S vacancies. The S vacancies are
Pack
grid)
[55],
the
Fermi
energy,
and the density matrix
mimicked by removing S atoms from the MoS2 lattice.
calculations
(Gilat
grid)
[56]
are
performed
on a 12 × 12
Non-adjacent S vacancies are modelled using the 4 × 6
and
6
×
6
grids,
for
MoS
and
MoS
/graphene
heterostruc2
2
supercell, where in its pristine phase it contains 72 atoms
tures,
respectively.
The
Fermi
surface
is
smeared
with
(Fig. 10A(d)). Hydrated pristine MoS2 configurations are
a
Gaussian
of
0.005
Hartrees
for
convergence
purposes.
built as follows: the H2 O + MoS2 configuration is obtained
Moreover, the SCF (self-consistent field) energy converby initially placing a single water molecule in the vicinity
gence is achieved using Anderson quadratic mixing [57],
of the MoS2 , followed by geometry optimization. The 2 ∗
coupled with additional mixing of the occupied with the
H2 O + MoS2 is obtained by using the optimized structure
virtual orbitals. The SCF energy threshold value for our
of the H2 O + MoS2 . In this case, a second water molecule
calculations is set at 10−9 Hartrees (default value is 10−7
is placed in the vicinity of the H2 O + MoS2 , followed by
IP: 129.7.158.196 On: Thu,Hartrees).
04 Jun 2020
For 15:58:01
hydrated MoS2 , charge transfers between
geometry optimization. The process isCopyright:
repeated for
up to Scientific Publishers
American
the waters and the support are calculated using both the
6 water molecules.
Delivered by Ingenta
iterative Hirshfeld population [58], which is based on the
MoS2 /Graphene Modeling. The MoS2 /graphene hetatoms in molecules (AIM) approach [59, 60]. Hirshfeld
erostructure unit cell consists of two hexagonal lattices
populations are less basis-set depended than Mulliken [61]
as follows: The 2H MoS2 three-layer 4 × 4 lattice with S
and smaller in magnitude (relative to Mulliken) [62]. The
atoms occupying the top and bottom MoS2 layers and Mo
stabilities of the final geometries are secured via postatoms residing
in the middle layer (48 atoms) overlayered
√
√
geometry optimizations.
on a 3 3 × 3 3R30 monolayer graphene (54 atoms).
Here, the MoS2 bottom S layer is the one closer to
3. RESULTS AND DISCUSSION
graphene. Our MoS2 /graphene heterostructure is similarly
to the one reported by Shao et al. [43]. Figure 1(B) shows
3.1. Morphology Control of Graphene-MoS2 Aerogels
the DFT optimized MoS2 /graphene unit cells with and
We prepared 3D mesoporous MoS2 @GNS hybrid
without S and C vacancies for hydrated MoS2 . Here, the
nanosheets by mixing them in certain ratio of the comS vacancies are located on the MoS2 top layer. Defecponents. The rich surface of GO with oxygenated functive MoS2 /graphene structures are built by considering
tional groups are partially reduced thermally/chemically
combinations of single and non-adjacent double S vacan(CrGO) and they also induce strong interaction between
cies MoS2 with a single C vacancy in graphene. We also
the two types of nanosheets forming MoS2 -GNS hybrids.
consider defective MoS2 /graphene structures, with MoS2
Finally, the hybrid nanosheets were treated with hydrotherbeing pristine paired by a defective graphene and vice
mal/solvothermal method to form 3D mesoporous archiversa.
tectures of MoS2 @GNS aerogels. The interaction between
Density Functional Theory (DFT) Calculation Parameters.
the 2D materials is critical to prohibit restacking during
CRYSTAL17 [44] code is used to calculate the optimized
ensemble fabrication. In this work, the use of monolayer
geometries and electronic properties for dry and hydrated
MoS2 nanosheets expectantly increased the interaction
systems. An advantage of CRYSTAL is its treatment on
between the component materials resulting in stable 3D
two-dimensional slabs, without the need of artificial periarchitectures without obvious restacking of the composodicity perpendicular to the surface, which is typically
ites with relatively high MoS2 content. Figure 1(B) shows
found in other DFT codes [45]. Periodic restricted DFT
a series of field emission scanning electron microscopy
is used here as in our past work [46, 47]. We used PBE0
(FESEM) images of chemically reduced graphene oxide
6196
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(CrGO), MoS2 , 40, 60, 80, 90 wt.% MoS2 hybrid aero(105), (110) and (008) atomic crystal planes of hexagonal
gels in addition to multilayered MoS2 , GO and thermally
graphene and MoS2 (JCPDS No. 37-1492) phase, respectively. It is noticed that the peak position at 13.9 correduced rGO as precursors revealing surface morphology and microstructure prior to desulfurization. Some of
responds to (002) plane shifts to the left compared with
that (14.4) of the normal MoS2 indicating that the disthe images are falsely colored to emphasize graphene
tance between the (002) plane increases, which is in good
nanosheets (blue) coated with or interlaced with MoS2
agreement with the interplanar spacing measured in TEM
nanostructures (dust yellow). As shown in Figure 1(B),
images. Except for (002) peak, other peaks have marginal
the content of MoS2 in aerogels play an important role in
shifts since changes in interplanar spacings and lattice
tuning the morphology and microstructure such that pure
parameters (a = 3015 and c = 1203 Å) are too small (see
graphene aerogels reveal a 3D porous structure constructed
Fig. 3(b)).
by interconnected large lamellar nanosheets with micropores ranging from sub-micrometer to tens of micrometers. With increasing MoS2 content, the composite aerogels
3.2. Structural Properties of Graphene-MoS2 Aerogels
exhibit a well-constructed 3D foam structure with uniform
The optical properties were studied by ultraviolet-visible
pores of several nanometers to micrometers and many
(UV-Vis) absorption and photoluminescence emission
smaller hybrid nanosheets as building blocks. It is worth
(PLE) spectroscopy. The absorption spectrum of a matenoting that the 3D porous architecture of the composite
rial generally yields a reliable measurement of the bandgap
aerogels was retained even when the MoS2 content reached
in situation where PL appears to be indirect, either in
90 wt.%, exhibiting greatly improved structural stability
configuration space or in momentum space. The recorded
than that of the previously reported structures [36]. While
UV-Vis absorption spectra for the aerogel dispersions is
we also measured some of the images post-desulfurization,
provided in Figure 4, panel A. An obvious broad peak
no noticeable differences were observed within SEM
located at ∼270 nm is observed which is somewhat in
resolution (not shown). The nanoscale morphology and
contrast with the large lateral dimension of 2D MoS2 that
microstructure of the 3D MoS2 @GNS hybrid aerogels are
shows known peaks at ∼609 nm and ∼668 nm ascribed to
further investigated by TEM and the images are shown
B and A direct excitonic peaks, respectively, arising from
in Figure 2(A) besides selected-area electron diffraction
the K point Brillouin zone [63]. However, zoomed in ver(SAED) patterns and integrated intensity with interplasion of the absorption spectra shows very weak exciton
IP: 129.7.158.196 On: Thu, 04 Jun 2020 15:58:01
nar spacing provided in Figure 2(B).Copyright:
The TEMAmerican
images Scientific
peaks (quenching
of PL with thickness, defects etc.) for the
Publishers
in Figure 2(A) further validates the 3D porous Delivered
architec- byhigher
MoS2 content aerogels. Alternatively, weak interIngenta
ture of graphene only aerogels (CrGO) and with increaslayer coupling between the restacked MoS2 nanosheets due
ing MoS2 content, hierarchical porosity with gauzy form
to possible rotational stacking disorder suggested by TEM
prevails. The relatively higher resolution TEM images
images is responsible for the graduate decrease in PL. The
show clear MoS2 nanosheets anchored on and/or within
strong blue shift in the optical absorption may be due to
graphene nanosheets forming hybrid porous nanosheet hetthe quantum size effect [64] and the broad absorption at
erostructures with many exposed edges. Diffraction rings
268 nm is attributed to the blue-shifted convoluted Z, C,
in the SAED pattern result from (110) and (100) planes
and D excitonic peaks [65]. The photoluminescence exciof graphene sheets and MoS2 indicated with G and M,
tation (PLE) spectra for a series of MoS2 aerogel samples
respectively. The absence of hkl with l 6= 0 in the SAED
including GO precursor and MoS2 monolayer are recorded
pattern is due to the fact that the c axis of both rGO and
with varying excitation wavelength shown in Figure 4(B)
MoS2 sheets attached to them are nearly parallel with the
along with PLE intensity maps. The strongest lumineselectron beam. The lattice fringes are clearly observable
cence displays strong sharp peaks at 450 nm (2.76 eV)
and the interplanar spacing is deduced to be 6.25 Å, cordue to direct transition from deep valence to conduction
responding to the (002) crystal plane of MoS2 . The disband, which shifts with excitation wavelength, and weak
tinct hexagonal lattice structure suggests that the materials
sharp peak at 268 nm (4.63 eV). Similarly, the maximum
are highly crystalline. A majority of the nanosheets were
emission peak centered at 530 nm with some variation
found to be 200–300 nm in lateral dimensions and exhibdepending upon the reduced graphene oxide content can
ited typical thickness of 1–1.2 nm. It is noteworthy that the
be seen in PL spectra excited at 450 nm. This differs from
SAED pattern for MoS2 and WS2 showed d100 of 0.270–
the two well-known peaks centered at ∼610 and ∼661 nm
0.275 nm and d110 ∼0.15–0.16 nm. In general, the findings
in larger 2D MoS2 flakes from direct band gap hot PL
from HRTEM in conjunction with SAED are in strong
from the K point. The strongly blue-shifted hot PL from
confidence that are cross-correlated with X-ray diffraction
the K point is assigned to smaller lateral dimension of
(XRD) to interpret the phase and structure. XRD peaks
MoS2 aerogel sheets owing to quantum size effect similar
corresponding to MoS2 /rGO shown in Figure 3(a) are cento MoS2 [65] and graphene quantum dots [66].
Unlike semi-metallic graphene, the MoS2 is a semicontered at 2 = 11.7, 14.3, 33.6, 40.1, 49.1, 59.0, and
ductor with larger direct bandgap as shown above, the
69.4 which are indexed to (002), (100), (103), (006),
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020
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Interplanar spacing (d, nm)
Figure 2. (A) TEM with selected-area electron diffraction (SAED) images of MoS2 , CrGO, 40, 60, 80 and 90 wt.% MoS2 aerogels revealing
morphology and microstructure (Scale bars are shown at the bottom of the images) (B) Corresponding real space (dhkīl ) intensity pattern revealing
crystal structure of CrGO, MoS2 , 40, 60, and 90 wt.% MoS2 aerogels. For SAED an aperture (0.23 m) in Köhler condition was used for small spot
size and spread beam to increase the electron coherence length at the samples. Schematic example of the origin of the superstructure in real space and
reciprocal space for MoS2 , graphene and heterostructure.

6198

J. Nanosci. Nanotechnol. 20, 6191–6214, 2020

Gupta et al.

Electrochemically Desulfurized MoS2 and Reduced Graphene Oxide Aerogel Composites as Electrocatalysts
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Figure 3. (a) X-ray diffraction (XRD) pattern for as-synthesized MoS2 -based aerogels and (b) corresponding fractional change in interplanar spacing
for three different peaks with increasing MoS2 content.
1
number of E2g
decreasing (softens) and that of the A1g
presence of which opened a realm in the area of electronic
(or A1 ) increasing (stiffens) with thickness. Frequency difand photonic devices. Thermodynamically stable form of
MoS2 is the trigonal prismatic (2H–MoS2) phase where
ference (Fig. 5(B), right) of these two Raman modes are
each Mo atom is prismatically coordinated by six surrelated to number of layers [70]. While MoS2 mono samrounding S atoms with symmetry space group of bulk
ple shows two or three-layers since the difference is larger
than ideal 18 cm−1 for a monolayer MoS2 and confirms
MoS2 as P3m1 (point group D6h ) [67, 68]. The space
that the sample is a few-layer MoS2 as desired for electrogroup of a single layer is P6m2 (point group D3h ). Concatalytical study conducted below. As for other samples,
sequently, systems with even numbers of layers belong
with increasing MoS2 content the difference in frequency
to the space group P3m1 (with inversion symmetry), and
IP: 129.7.158.196
On: Thu,of04these
Jun modes
2020 15:58:01
increased marginally by 3–4 cm−1 which
systems with odd numbers of layers
to the P6m2 space
Copyright: American Scientific Publishers
sufficient to warrant the increase in number of layers.
group (without inversion symmetry) [69]. The representaDelivered byisIngenta
Also provided is the intensity ratio of LA(M) mode at
tive Raman spectra are shown in Figures 5(A)–(C) besides
∼226 cm−1 and E2g mode at ∼382 cm−1 i.e., ILA4M5 to IE2g
Raman mapping analysis. There are notably four first(see Fig. 5(B)), an indirect measure of defects in MoS2 layorder Raman active modes present in most reported MoS2
ers. Interestingly, the ratio is higher for MoS2 mono sample
Raman spectroscopic studies namely, E1g (∼286 cm−1 ),
1
2
as compared with the hybrid aerogels, but the difference
E2g
(∼383 cm−1 ), A1g (∼408 cm−1 ), and E2g
(∼32 cm−1 ).
is marginal.
All the first-order bands are a result of vibration modes
2
Significant structural changes occurring during the
within the S–Mo–S layer, except for the E2g
(∼32 cm−1 )
chemical and hydrothermal processing from pristine GO
band which is due to the vibration of the adjoining rigid
and rGO followed by MoS2 @GNS hybrid aerogels forlayers. Since the direct transition is located at 1.95 eV
mation reflected in Raman spectra is also shown in
(635.9 eV), the matching of the excitation laser photon
Figure 5(A) (right panel). The Raman spectra of the prisenergy (633 nm or 1.92 eV) used causes strong coupling
tine GO and rGO samples besides other hybrid samples
of energy into lattice phonon modes. This resonance can
display prominent G (E1g symmetry) peak which is shifted
combine with the four first-order Raman frequencies creto 1594 cm−1 (ca. 1581 cm−1 for graphite) and D (A1g
ating additional energy states that can be excited, resulting
symmetry) band at ∼1350 cm−1 . The G band originates
in a variety of new second-order Raman lines (Fig. 5(A),
from in-plane vibration of sp2 C atoms and it is a doubly
left). With this most of the second-order bands observed
degenerate (TO and LO) phonon mode at the BZ (Brillouin
are combination of longitudinal acoustic (LA) mode and
Zone) center and D band is a Raman-forbidden and usually
first-order Raman bands. For example, the spectrum taken
activated by defects related single-phonon inter-valley and
with 633 nm, there is a larger band at 466 cm−1 which can
intra-valley scattering process. Other bands are secondbe attributed to twice the LA(M) modate 232 cm−1 . The
order D band (2D) occurs due to double resonance Raman
645 cm−1 band is a combination of the LA(M) and the A1g
process involving inter-valley scattering of an electron,
wavenumber (∼410 cm−1 ) at point M. The two prominent
1
basically related to the electronic band structure, a comlattice vibrational modes having symmetries E2g
arising
bination D + G band and second-order G (2G) band at
due to in-plane vibration at ∼382 cm−1 and A1g is from
approximately 2680 cm−1 , 2920 cm−1 and 3180 cm−1 ,
out-of-plane vibration of S atoms at ∼400 cm−1 . Raman
respectively. Qualitatively, while relatively narrow G band
modes is sensitive to thickness dependence, with the wave
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Figure 4. (A) UV-Visible absorption and zoomed region of spectra showing graphene and MoS2 relevant peaks (B) a series of photoluminescence
excitation (PLE) spectra and corresponding PLE maps of as-synthesized MoS2 , CrGO, 40, 60, 80 and 90 wt.% MoS2 aerogels along with multilayer
MoS2 from monolayers dispersed in DI water. The PLE data was acquired at each of the labeled excitation wavelengths (ex ) with 30 nm interval until
450 nm.

indicates structural or crystalline order, the presence of a
finite D band originates from the large density of defects
(such as edges, grain boundaries,vacancies, implanted or
substituted hetero atoms, and changes associated with carbon hybridization, sp3 C) in all of the graphene-MoS2
aerogels characterized. For a realistic comparison, the
spectra are normalized to G band. Figure 5(B) summarizes the structural evolution in the Raman spectra for all
the samples prior to and post mesoporous graphene-MoS2
aerogels formation [41]. Extensive efforts have been made
to study the relationship between the amount and nature
of defects and intensity (and area) ratios of D, G and 2D
6200

bands besides position variation in prominent Raman signatures. The D band position (D ) decreases with addition
of MoS2 from 1338 cm−1 to 1328 cm−1 for the aerogels studied in this work. On the other hand, G band
position (G ) increases from 1592 cm−1 to 1600 cm−1
with MoS2 addition. The 2D peak (2D ) downshifts from
2674 for GO and rGOth to ∼2660 cm−1 for hybrid aerogels indicative of charge transfer at the heterointerfaces
referred as n-type doping similar to nitrogenated graphenebased aerogels [41]. The second-order G band (2G ) position also changes in response to structural complexity and
modification towards an upward trend (3150–3178 cm−1 ).
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(C)

Figure 5. (A) Micro-Raman spectra of graphene-MoS2 aerogels showing graphene (D, G, 2D, D+G, 2G) and MoS2 (A1g and E2g peaks) related
Raman signatures; (B) variation of Raman spectral bands in terms of difference in MoS2 A1g and E2g peak position along with SSEM micrograph, D,
G, 2D and 2G band position (D , G , 2D , 2G ), intensity ratio of D to G band (ID /IG ) and 2D to G band (I2D /IG ) (C) Raman spectral intensity ratio
(ID /IG ) maps for CrGO, 40, 60, 80 and 90 wt.% MoS2 aerogel samples.
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The marginal decrease in full-width at half maximum D
Moreover, with several advantages of emergent graphene
band and G band for graphene-based aerogels is indicananomaterials such as tunable morphology and tailorable
tive of higher crystallinity of nanosheets resulting in the
structure shown in Ref. [41], graphene-MoS2 multifuncdecrease of phonon lifetime (ph ) albeit qualitative. It is
tional hybrid aerogels studied here are applicable as novel
well documented that the intensity ratio of D to G band
electroanalytical platforms. Also, it is demonstrated theo(ID /IG ) is a semi-quantitative measure of structural order.
retically that active sites could be directly created on basal
Under the assumption the defect density is sufficiently
plane of 2H–MoS2 nanosheets by generating sulfur (S)lower (i.e., below critical concentration), the D band scatvacancies, whose intrinsic activity can be optimized by
tering intensity is proportional to the number density of
fine tuning the S-vacancy concentration and elastic tensile
point defects and the average inter defect distance. We
strain. To this end, prior to investigating hydrogen evolunoted that for all the hybrid aerogels, the ID /IG decreases
tion, we created sulfur atom vacancies electrochemically
with increasing MoS2 content as compared with GO and
(EC). Basically, it involves reducing the sulfur atoms in
rGOth precursors and reaching the level of CrGO aerogel.
the basal plane of a few-layer 2H–MoS2 as well as aeroThis change suggests an increase in the average size of
gels to form hydrogen sulfide (H2 S) gas via a desulfursp2 bonded carbon (sp2 C) domains/cluster upon reduction
ization ‘activation’ cycle, similar to the oxygen vacancies
following TK relation [41] and transformation to graphene
generated in metal oxides under applied cathodic potenaerogels. Alternatively, the introduction of MoS2 content
tial [72]. We also measured room temperature dc electriincreased defects in carbon lattice with the highest ID /IG
cal conductivity (dc ) of the samples studied in this work
(1.6) that is slightly decreased with increasing MoS2 . It
shown in Figure 6(A). Almost all the samples showed
can also be explained as if new sp2 C domains are cresemiconducting behavior with reasonable average dc valated albeit smaller in size and more in number density
ues ranged 0.1–8 S cm−1 with spatial electrical heteroto those present in precursor graphene oxide. Also shown
geneity since they were measured at various points on the
in Figure 5(B) is the plot of intensity ratio of 2D to G
samples. Figure 6(B) shows the variation of current denband for all the aerogels and increasing trend with MoS2
sity (chronoamperometry curves in interval of 1 min) with
content indicates higher ordering of graphene nanosheets.
EC desulfurization duration of 10 min at various potenThe observed shifts and the increase of the 2D peak intentials for representative few layer MoS2 mono and 80 wt.%
sity indicate that the graphene-based aerogels are of higher
MoS2 aerogel samples deposited on graphite rod and gold
IP:are
129.7.158.196
On: Thu, 04 Jun
2020 15:58:01
quality noting that the GO and rGO
successfully transsubstrates.
It acts as a post-synthesis activation procedure.
Copyright: American Scientific Publishers
formed into aerogels in the presence of MoS2 nanosheets
magnitude of current density increases with increasDelivered byThe
Ingenta
forming hybrids. Spatial maps of the Raman intensity
ing negative potential from −1.0 to −2.0 V versus RHE
(ID /IG ) clearly show distribution of graphene nanosheets
suggesting the formation of presumably S-related defects.
in combination with MoS2 nanosheets (see Fig. 5(C)).
Some of the samples were also measured at −0.5 V and
However, due to local variations in film thickness and
−0.7 V, but there was only a marginal change in current
stacking disorder, mapping frequencies of MoS2 modes do
density (not shown). The various defects species in MoS2
not allow direct determination of the number of layers.
samples are majority sulfur vacancy and minority disulfur
This also exemplifies the evolution of structural paramevacancy, molybdenum vacancy, double disulfur vacancy,
ters in layered materials in changing from 2-dimensional
dislocation, substitutional Mo on two sulfur sites and
to 3-dimensional crystalline mesoporous regime.
substitutional Mo on a sulfur site [73]. Such point defects,
in particular, have been found to modify the local atomic
3.3. Electrochemical Hydrogen Evolution and
structure, tailor physical-chemical properties and allows
Advanced Electrochemical Properties
tunable electrochemical activity (EA). The relative current
Determining Electron Transfer Rates of
density increment defined as ãj/j0 , where j0 is the curGraphene-MoS2 ‘Hybrid’ Aerogels
rent density at −0.3 V versus RHE before desulfurization,
is plotted in Figure 6(C) for all the samples studied. It is
Following morphological and structural characterization,
apparent that few-layer MoS2 mono and 60 wt.% MoS2 samwe now focus on the electrochemical and electrocatalytical
ples showed a pronounced improvement of about 300%
hydrogen evolution properties of as-synthesized aerogels
and 60%, respectively. Interestingly, post-desulfurization
with and without electrochemical desulfurization. It has
activity in terms of current density was the least for
been established that in most of the two-dimensional lay100 wt.% MoS2 aerogel which may be resulting due to
ers, basal plane (defect-free) are inactive toward any catsome what structurally unstable MoS2 aerogel unlike for
alytic reactions [71]. However, it is found that formation of
those combined with graphene nanosheets and for continheterostructures, where dissimilar atomic layers are placed
uous multilayer MoS2 films.
in contact with one another using multiple ways, can drasTypical cathodic polarization curves (j–E) and corretically change the inherent electrocatalytic activities of
individual layers toward certain reactions, even leading to
sponding Tafel slopes are shown in Figure 7. The curthe activity of a basal plane that otherwise was inactive.
rent densities are normalized to the geometric area of
6202
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Figure 6. (A) Room temperature current versus voltage (I –V ) plots (left) and corresponding variation in dc electrical conductivity (dc ) at several
points on the sample along with average values for CrGO, 40, 60. 80, 90 wt.% MoS2 and MoS2 aerogels along with GO and rGOth precursors (B)
representative amperometric curves (current density j-time t) for electrochemical desulfurization of MoS2 and 80 wt.% MoS2 aerogels showing current
density increment versus desulfurization at various desulfurization voltages −1.0 to −2.0 V versus NHE and (C) current density increment versus
desulfurization voltage at fixed desulfurization duration of 10 min for all the samples. The current density increment is defined as ãj/j0 , where j0 is
the current density at −0.32 V versus RHE before desulfurization.

the exposed face of all samples. Tafel plots are used to
determine two important parameters describing HER activity of catalysts following Tafel equation:  = blogj +
j0 , where  is overpotential, j is the current density, a
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020

is exchange current density, namely, Tafel slope (b) and
exchange current density. The exchange current density j0 ,
is determined by fitting the linear portion of Tafel plot
at low cathodic current. The linear part of the Tafel plot
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under small overpotential yields a Tafel slope of 59 mV/s,
(or 320 F · g−1 ) for 90 wt.% MoS2 (desulfurized) aerogel
which is smaller than the 120 mV/s from MoS2 . Due
followed by 80, 40 and 60 wt.% MoS2 samples in decreasto increased number of edge sites, the exchange current
ing order. This indicates the presence of high quality fewdensities of edge-terminated films are about five times
layer graphene sheets embedded within or decorated with
higher than previous MoS2 nanoparticle-based electrodes
MoS2 (S-vacancies induced by desulfurization) without
and compare favorably to most common metal catalysts.
restacking and aggregation during processing and higher
The similar HER activity between MoS2 and MoS2 supperformance is attributed to surface and edge functional
ported on graphene suggests the Mo atoms are likely the
groups in graphene nanosheets including nanowall edge
main active centers on the edges, as already observed
sites and sulfur vacancies induced by desulfurization in
in hydro desulfurization reaction. The Tafel slopes meaMoS2 nanosheets and central Mo atoms with multivalent
sured from multiple samples are in the range of 105–
from +2 to +6 during redox cycling (and charging and
120 mV/decade with smallest Tafel slope ∼77 mV/decade
discharging) processes. Interestingly, multilayer MoS2 and
for 60 wt.% MoS2 , high current density, and good stabil100 wt.% MoS2 showed the lowest specific capacitance
ity was achieved with desulfurization. The latter suggests
of 30 F · g−1 . The analysis of quasi-reversible or heterogethat the rate-determining step is the Volmer reaction, a
neous ion transport current behavior helped to determine
discharge step that converts protons into adsorbed hydroD governed by Randles–Ševćik equation for a reversible
gen atoms on the catalyst surface (Fig. 7(C)). Previous
transfer process (Fig. 8(C)), Irev = 00446FAC4F Dv/RT 5005
studies are shown a larger spread of Tafel slopes ranging
or Irev = 42069 ∗ 105 5n3/2 ACD1/2 v1/2 , where A is the geofrom 40 to 120 mV/decade. A smaller Tafel slope, which
metric area of the electrode (cm2 ), F is the Faraday Conis a useful metric to assess the performance of the catastant (C·mol−1 ), D is the diffusion coefficient (cm2 ·s−1 ), C
lysts and at the same time is a valuable indicator of the
is the concentration (mol/cm3), v is the scan rate (V·s−1 ),
mechanistic reaction processes of HER [74], is desired for
R and T are usual constants, and n is the total numpractical application of HER catalysts. Though Tafel slope
ber of electrons transferred in the electrochemical proalone is insufficient to determine the specific mechanism
cess. There is significant increase in D values for desulfuof HER, the results (Fig. 7(B)) are corroborated with those
rized 40, 80 and 90 wt.% MoS2 hybrid aerogels found as
recent reports. The long-term stability is assessed by taking
opposed to CrGO, 100 wt.% MoS2 and multilayer MoS2
continuous cyclic voltammograms in the cathodic potenelectrodes. It is attributed to tunable surface morphology,
IP: 129.7.158.196 On: Thu, 04 Jun 2020 15:58:01
tial window at an accelerated scanning
rate of 50
mV/s. Scientific
defect density
and pore distribution at meso/nanoscale thus
Copyright:
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The obvious variation is due to the active site density
and bypermitting
Delivered
Ingenta access to numerous hydrophilic edges as well
a higher active site density. One can see these catalysts
as basal plane defects, shorter pathways for fast and effishow much larger exchange current density and a relacient ion transportation. Electrochemical impedance spectively lower Tafel slope without any additives. Because
troscopy (EIS) was employed to gain further insight into
rate of reaction is directly proportional to the number of
the interface reaction, electrode kinetics, faradaic resisedge sites for all samples, regardless of MoS2 flake size,
tance and capacitive traits of MoS2 @GNS hybrid towards
we conclude that the edge site is indeed the active site
HER. The representative Nyquist, Bode–Bode plots and
demonstrated below.
phase plots are shown in Figure 8(D) and Nyquist plot
The electrochemical behavior of MoS2 @GNS hybrids
has two regions; quasi-semicircular and linear region. At
as active electrode materials are investigated by cyclic
higher frequency, the equivalent series resistance (Rs ),
voltammetry (CV) and ac EIS measurements. Comparaincluding the ionic resistance of the electrolyte and intrintive studies were performed on multilayer MoS2 , graphene
sic resistance of the material, is represented by the interoxide and CrGO aerogel. Figure 8(A) shows the CV curves
cept of quasi-semicircle with the X-axis while the charge
at different scan rates ranging from 10 to 100 mV/s of
transfer resistance (Rct ) results from the faradaic reaction
MoS2 aero , 40, 60, 80 wt.% of multilayer MoS2 samples
and double-layer capacitance (Cdl ) at electrode/electrolyte
in +0.5 to −1.2 V potential window showing qualitainterface that is calculated from the diameter of semicirtive pseudo capacitive behavior and reversible Faradaic
cle. Therefore, from Nyquist plots, the Rs of 4–7 ì for
reactions. As the scan rate increases, the current response
all the samples studied decreased with desulfurization. As
increases accordingly and the peak position changes,
the ionic resistance of the electrolyte is the same, the
but the shape of CV curves retains, which indicates a
decreasing Rs is led by the smaller intrinsic resistance of
good electrochemical stability and rate performance of the
the electrode material, which could be inferred that the
MoS2 @GNS aerogel due to carbon skeleton. The speintroduction of graphene could enhance the dispersion of
cific capacitance determined follows the equation, Cs =
MoS2 so as to reduce the resistance, and the composiI /mv, I is the peak current, m the mass of active election with CrGO could reduce the material resistance. The
trode materials and v is scan rate that are plotted in
Rct obtained by fitting with equivalent Randles’ circuit
Figure 8(B) with scan rate for as-synthesized and desulfuranged between 2–4 ì which is marginally decreased with
rized samples showing high specific capacity of 300 F · g−1
desulfurization to 1–2 ì. Such is due to the fact that
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Figure 7. (A) Linear sweep voltammetry (LSV) of MoS2 , 40, 60, 80, 90 wt.% aerogels and multilayer MoS2 on carbon rod before (solid) and after
(dotted) electrochemical desulfurization. The current densities (j) are defined based on the total electrode surface area. (B) Overpotential () and
Tafelslope determined from each curve in (A) are plotted as histogram along with some literature values for comparison.

hierarchical structures of the hybrid nanocomposite aerogels allow facile ion and electron transfer, which further
leads to the high electrocatalytic performance for HER. At
low frequency, the nearly linear and vertical straight line
which is almost parallel to imaginary axis with the largest
slope shows that graphene/MoS2 aerogels has pure capacitive behavior with least internal resistance. This conclusion is in compliant with the capacitance properties above
mentioned and transition observed through phase behavior
(Fig. 8(D)).
Intrigued by our findings, we interrogated the electrode surface by SECM (Scanning Electrochemical
Microscopy). Since edge plane sites are considered
far more reactive than the basal plane sites shown
recently [75], it became critical to increase the relative
edge plane sites for increased electrolyte exposure via
‘vertical’ nanowalls and increased defects number density
in basal plane (via inducting S-vacancies) for enhanced
heterogeneous electron transfer (HET) rate pertaining to
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020

HER. Here in this work, SECM was used to obtain
local quantitative information of reaction rates, to probe
ion transport dynamics, and to determine electro active
adsorption sites density distribution prior to and postdesulfurization. By detecting redox reactions occurring
in a small region in close proximity to electrode surface (probe approach and feedback modes) with redox
probe (also known as titrand), SECM monitors electrochemical (ionic and electronic) currents to be mapped
and chemical reactivity correlating with the morphological structure as opposed to other scanning probe
microscopy. Moreover, identification of active sites in
heterogeneous catalysis requires a combination of surface sensitive methods and reactivity studies. We determined the first-order heterogeneous electron transfer rates
(kET ) following probe approach technique for all the aerogel samples. The tip is polarized at sufficient potential
(+0.4 V) to ensure electrochemical redox reaction (regenerated) and the current was recorded (collected) over
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Figure 8. (A) Representative cyclic voltammograms (CV) for MoS2 , 40, 60, 80 wt.% aerogels and multilayer MoS2 at scan rates 10, 20, 50, 100 mV/s
in base electrolyte 0.5 M H2 SO4 before and after desulfurization (B) variation of specific capacitance (Cs ) versus scan rate and (C) diffusion coefficient
(D) as histogram (D) (top) Nyquist (−Im vs. Re Z) (middle) Bode–Bode (magnitude Z) and (bottom) phase behavior with log frequency plots for
as-synthesized CrGO, MoS2 , 40, 60, 80, 90 wt.% aerogels electrodes in 0.5 M H2 SO4 electrolyte before and after desulfurization. The Randles’
equivalent circuit is shown in inset.

the polarized electrode surfaces at two polarities (i.e., pol1
and pol2) to determine kET and visualize electrochemical activity in feedback mode. The potassium ferricyanide;
K3 Fe(CN)6 is a surface-sensitive redox probe that is able to
distinguish among different nanoscale materials including
6206

functionalized graphene surfaces, which is usually not
possible with an outer-sphere (electron transfer reaction
that involves no bond breaking or bond formation process
during redox processes) ruthenium hexamine (Ru(NH3 )6
redox probe [41, 75]. Figure 9 shows probe approach
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020
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curves with normalized tip current and working electrode–
three-dimensional images with ion current peaking occaprobe tip distance (L = d/a). A Pt ultramicroelectrode
sionally reflecting high electroactivesites distribution. The
(radius, a = 1000 m) with RG = 2 was adopted as the
imaging allows electrochemical current to be mapped at
SECM tip. The tip electrode current (iT ) reaches asymphigh spatial resolution across a surface for correlation with
totic behavior with steady-state current following: iT 1 =
the corresponding structure and properties of electrodes
4nF CDa, where n is the number of electrons transferred
surface. It is clearly observed that the normalized feedat the electrode tip (O + ne− → R), F is Faraday’s conback currents are different from sample to sample upon
stant, C is the concentration or flux of oxidized species,
the surface morphology and defects number density and
and D is the diffusion coefficient limited by the hemispheralso that of pristine multilayer MoS2 . Conventional wisical region in microelectrode configuration. The feedback
dom indicates that higher is the feedback current, the
tip ion current is dependent upon the HET capability of
faster is the local HET rate. However, while correlating the
the local areas. When L = d/a ≤ 1, the normalized feedkET with number defect density albeit qualitatively, there
back current increases gradually or rapidly with increasis no systematic trend since kET first increases and then
ing defect density, edge sites and functional groups. With
decreases and again increases with increasing MoS2 . Nevthe tip approaching the conductive electrode surface, the
ertheless, it is apparent that the samples yielded regions
reduced species formed at the tip is oxidized, resulting
of higher electroactivity with areal site density (∼30–
50 m2 ), reinforcing the multiple roles played by MoS2
in increased tip current following: iT > iT1 , itcond 4L5 =
and graphene complex aerogels. These findings underscore
iT /iT 1 = 6k1 + k2 /L + k3 exp4k4 /L57 that creates a regenthe significance of multivalent transition metal disulfides
erative “positive” feedback loop. The opposite effect is
and topological multiplex morphologyas high-performance
observed when scanning an insulating (or semiconducting,
electrochemical and catalytical systems related to the edge
such as in this study) surface and diffusion to the electrode
plane and basal plane defects as electroactive sites. This
is inhibited due to physical obstruction, creating a “negaexperimental approach helps to determine an optimal elective” feedback loop and decreasing the tip current i.e., iT <
troactivity with an upper bound defect density. It also
iT1 , iTins 4L5 = iT /iT 1 = 1/6k1 +k2 /L+k3 exp4k4 /L57 [76].
suggests a broad distribution of kET (and current magniAlternatively, the Helmholtz region can be evaluated by
tudes) from samples studied and there will be some cross
changing the electrode polarity (equivalent to depth procontribution at some single point measurements (from
file in electron microscopy and confocal microscopy) and
IP: 129.7.158.196 On: Thu, 04 Jun 2020 15:58:01
probe approach)
where the tip is at the boundary between
strength of the tip voltage with respectCopyright:
to substrateAmerican
[77].
Scientific
Publishers
The probe approach or feedback curves were fitted
and bynanosheets,
Delivered
Ingenta the different connectivity within nanosheets
could also play a role in the broadness of kET kinetics
plotted as dashed curved in Figure 9(A) deducing hetsimilar to graphene AB stacking order [79]. Due to the
erogeneous kinetic rate constant at the tip, k ET (or k1 in
dissimilar layers, there is an in-built electric field formed
equations above). Qualitatively, the MoS2 @GNS aerogel
besides stacking disorder, layer sequencing or which layer
electrodes generated two times larger ion current signals
is exposed to the electrolyte or analyte, affects the net catthan those electrochemically desulfurized samples sugalytic performance [80].
gestive of increased local defects density beyond critiHere we expand our discussion on advanced electrocal concentration. Other noteworthy features are related
chemical characterization and correlation with electrocatto subtle differences in their probe approach profiles
alytic HER. The material system is at the resting state
depending upon the electrode polarization and specifiat the beginning of SECM with the molybdenum in
cally for 80 wt.% MoS2 sample in which the tip current
MoS2 aerogel and multilayer films in their Mo4+ oxidadecreases rapidly i.e., within short electrode-tip separation
tion states and the ferricyanide solution is in its reduced
distance thereby implying thinner outer Helmholtz plane.
form; therefore, no reaction occurs. The redox species of
Figure 9(B) shows kET (cm · s−1 ) variation as histogram
interest Mo–H and [MoS2 –H]2− are generated by a reducfor all of the samples studied peaking for 40 wt.% and
ing potential to the substrate electrode and the reaction
80 wt.% MoS2 depending upon polarity and state of desulbegins by generation of the probe Fe4+ ions at the tip elecfurization. The k ET values ranged 1.0 × 10−1 –1.0 cm s−1
trode by oxidizing potential (see Fig. 9(B)). The reaction
are within an accuracy of ∼0.1%, which is smaller than
between Fe4+ and Mo–H delivers a feedback current until
the typical experimental uncertainty. These are higher
the full consumption of the redox probe specie is monithan those of reported values for pristine chemical vapor
tored at the tip electrode and integration over time should
deposited graphene monolayers (2.0 × 10−2 –4.2 × 10−2 )
yield the surface density of Mo–H. The delay between
in aqueous solution [78]. The difference is attributed to
these reaction occurrences allow protons in solution contunable morphology, structural quality, basal and edge
sume the Mo–H ([MoS2 –H]2− ) by HER leads to decreased
site defects density in MoS2 aerogels interlaced with
feedback current (similar to probe approach curve profiles)
graphene aerogel nanosheets. Figure 9(C) displays SECM
with time and analyzing the integrated charge yields the
images (250 m × 250 m) displaying probe tip current
HER rate constant of Mo–H with protons (see Fig. 7(C)).
distribution as two-dimensional contour ‘heat maps’ and
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020
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Figure 9. Continued.
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(D)

Figure 9. (A) Probe approach curves showing normalized tip electrode current with tip-substrate normalized distance for MoS2 , 40, 60, 80, 90 wt.%
aerogels and multilayer MoS2 electrodes indicating semiconducting behavior at solid/liquid interface in redox mediator 5 mM K3 Fe(CN)6 in support
electrolyte 0.1 M PBS under (left) polarity 1: tip voltage Vt = +005 V, substrate voltage Vs = −004 V and (right) polarity 2: Vt = +005 V, Vs = +004 V
(B) tip generation of redox probe as titrant, consumption of titrands (Mo–H) by titrants and HER by Mo–H as intermediate specie in the absence
of titrants (C) heterogeneous electron transfer
rate constant (kET ) On:
beforeThu,
and after
desulfurization
determined from empirical fitting probe approach
IP: 129.7.158.196
04 Jun
2020 15:58:01
profiles (D) representative SECM images (250 m
× 250 m) American
area of CrGO,Scientific
MoS2 , 40, 80
wt.% MoS2 and multilayer MoS2 samples displaying probe
Copyright:
Publishers
current distribution in three dimensions with occasional higher/lower
currentby
reflecting
“highly reactive” electroactivity under same conditions as probe
Delivered
Ingenta
approach curves. A color bar is shown for quantitative values of the tip current.

It should be noted that the hydride (and carboxyl) formation on the surface is assumed based on a recent theoretical
study [81]. The “intrinsic activity” (i.e., per-site turnover
frequency, TOF) is the catalyst activity on a per-site basis
related to fundamental equation [5, 33]: j45 = i45/A =
P
6 sx=1 TOFx 457 · nF /ANA = S · TOFx 45 · nF /ANA , where
j is catalytic current density, i catalytic current, A surface electrode area, S number of surface sites, n number
of electrons transferred per molecule, 2 for HER, F faraday constant, 96,458 (C/mol electrons), NA Avogadro’s
number, 6.022 × 1023 (mol−1 ), and TOF average turnover
frequency of all sites (s−1 ) and therefore contribute to
the molecular level structure-property-function relationships necessary to guide catalyst development. Although
the MoS2 nanostructure catalysts provide high active density, there is plenty of room available to enhance further their electrocatalytic activity. Among the layered
Van der Waal (VdW) solids, it is worth mentioning that
there is a different principle that goes beyond the locally
active site optimization that is by utilizing topological
electronic states to spur catalytic activity. In a recent
report, the researchers found excellent catalytic activity in transition metal mono-pnictides–NaP, TaP, NbAs
and TaAs–topological Weyl semimetals [82]. This study
J. Nanosci. Nanotechnol. 20, 6191–6214, 2020

suggested that the combination of robust topologically protected surface states and large carrier mobility originating
from bulk Dirac bands of the Weyl semimetal, is a recipe
for high activity of HER catalysts. This approach has the
potential to go beyond graphene based composite electrocatalysts and photocatalysts where graphene simply provides a high mobility medium without any active catalytic
sites that has been found in these topological materials.
This work also provided a guiding principle for the discovery of novel catalysts from the emerging field of topological materials [83].
3.4. Theoretical Considerations for Correlating HET
Rates and HER of MoS2 -Graphene Aerogels
The kET between different mesoporous graphene and
other related materials and K3 Fe(CN)6 can be described
byR the Gerischer-Marcus model in Eqns. [84]: kET =
vn √red 4E5f 4E5DOS G 4E5Wo 41 E5dE and Wo 41 E5 =
1/ 4kT exp4−4E − 4E 0 + 552 /44kT 5, where vn is the
nuclear frequency factor, red 4E5 is the proportionality factor, f (E) is the fermi function, DOSG is the electronic
density of states of graphene, Wo 41 E5 is the probability
density function of the oxidized (unoccupied) states and
 is the reorganization energy of K3 Fe(CN)6 in solution.
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Figure 10. DFT optimized geometries obtained using the PBE0 functional for (A) the hydrated MoS2 unit cell (2H configuration) at various water
coverages (in ML). (a) Pristine, (b) 1 S vacancy, (c) 2 S ‘hole’-type vacancies, (d) 2 S non-adjacent vacancies, and (e) 2 S adjacent vacancies
MoS2 . Black and red values refer to charge transferred per unit cell from the water molecules towards the support using Mulliken and iterative
Hirshfeld populations, respectively. Dashed and solid circles show surface vacancy and hole locations, respectively. The thin black lines denote unit cell
boundaries. Atoms are colors as follows: S, yellow; Mo, green; O; red; H; white. (B) MoS2 /graphene unit cells. The S and C vacancies approximate
locations are denoted by red and blue dotted circles, respectively. Double arrows show the distances from the S plane to the C plane. Values inside
parenthesis refer to HSE06 calculations. C atoms are gray.
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The electron transfer kinetics is determined by the integration of the number of electronic states of graphene
and the number of oxidized states of K3 Fe(CN)6 near the
Fermi level for a reduction reaction [85, 86]. Alternatively,
the improved kET can be understood by the presence of
finite electronic DOS in the vicinity of Fermi level (EF )
and promoted reaction kinetics at the edges and interfaces.
Figure 10 shows optimized geometries for various nanostructures described below.

transfers here, whereas Mulliken populations are reported
for comparison purposes. In the defect MoS2 cases, both
the iterative Hirshfeld and Mulliken calculations show that
charge is transferred from the defective support toward
the water molecules. These include the cases that H2 O
has dissociated into OH and H (Fig. 10(A)) which in-turn
increases HER. Large charge transfers of >1.5e from the
MoS2 support towards the water molecules and their constituents appear in the case of hydrated defective MoS2
with two S non-adjacent surface vacancies (Fig. 10A(d)).

3.5. Hydrated MoS2
3.6. Hydrated Pristine MoS2 /Graphene
Our calculated MoS2 structural parameters are within
Heterostructure
the range of the experimentally recorded value and past
computational reports for dry MoS2 (PBE0 calculations,
The dry pristine MoS2 @graphene heterostructure has
Table I). We found that both PBE0 and HSE06 calculations
been studied previously, both computationally and experproduce similar geometries that is calculated MoS2 strucimentally. Kadantsev and Hawrylak [87] found that the
tural parameters vary no more than 0.005 Å between these
distance between MoS2 and graphene is about 3.4 ±
calculations. The presence of S vacancies in the MoS2
0.1 Å using scanning high-resolution transmission elecaffect its structural parameters and may lead to deformatron microscopy (STEM). Moreover, using micro-Raman
tions. The defective MoS2 lattice parameters and the Mo–S
spectroscopy and angle-resolved photoemission specdistance close to an S vacancy appears contracted relative
troscopy (ARPES), they detect no significant charge
to their values in the pristine MoS2 case. For example,
transfer between MoS2 and graphene, which may not
the presence of a single S vacancy on the MoS2 support
prevail under all conditions. Computationally, the MoS2 shortens the lattice parameter by about 0.03 Å and the
graphene distance for the dry pristine MoS2 /graphene
Mo–S distance in the S vacancy region by about 0.08 Å.
was reported in the range of 3.11–4.32 Å [88]. Here,
Hydration minimally affects pristine MoS2 structural paraour MoS2 -graphene distance is 3.13 Å and 3.14 Å, for
ments, whereas it elongates the defective MoS2 lattice
the HSE06 and PBE0 calculations, respectively. Singh
IP: 129.7.158.196
2020 15:58:01
parameters (Table I). Water dissociation
appears in the On:
case Thu,et04al.Jun
[84]
attributed the disagreement between calcuCopyright: American Scientific
Publishers
of its adsorption on defective MoS2 (Figs. 10A(c–e)).
At bylated
and experimentally observed MoS2 -graphene disDelivered
Ingenta
0.375 ML water coverage, iterative Hirshfeld calculations
tances to the insufficient description of the weak van den
on hydrated pristine MoS2 show charge transfer from the
Waals MoS2 -graphene interactions by the semi-empirical
waters towards the support, whereas Mulliken population
methods. It is observed that for the dry and hydrated
shows the opposite. Recall that Mulliken population calMoS2 /graphene heterostructures, the presence of S vacanculations are more sensitive to the basis set selection than
cies on the top MoS2 layer shorten the MoS2 -graphene
the iterative Hirshfeld calculations. Therefore, the iterative
distance (Fig. 10(B)). Both the PBE0 and HSE06 calcuHirshfeld method will be the standard for studying charge
lations show similarMoS2 /graphene optimized geometries.
The calculated dry pristine MoS2 /graphene heterostructure C–C and Mo−S distances are 1.397 Å and 2.344 Å,
Table I. The  and  in-plane lattice paraments and the smaller of the
Mo–S distances for DFT optimized MoS2 under various configurations,
respectively (PBE0 calculations). The former distance is
calculated with the PBE0 functional.
shorter than the 1.411 Å value for the isolated graphene
(mismatch < 1%), whereas the latter is longer than the


Mo–S
MoS2
Water coverage
2.330 Å value for the isolated MoS2 (mismatch ∼0.6%).
configuration
(ML)
Å
It is observed that waters are adsorbed on the pristine hetPristine
none
3007
3007
2033
erostructure without being dissociated (Fig. 10(B)).

1 S vacancy
2 S vacancy
(single “hole”
formation)
2 S adjacent vacancies
2 S non-adjacent
vacancies

0.375
none
0.4
none
0.4

(3.1627 , exp.;
3.119–3.2427–29 ,
calc.)
3007
3007
3004
3004
3005
3005
3002
3002
3004
3007

none
0.429
none
0.273

3001
3005
3003
3006

3004
3005
3004
3007

J. Nanosci. Nanotechnol. 20, 6191–6214, 2020

2.421930 ,
2.41531 ,
calc.
2033
2026
2027
2031
2029
2024
2022
2026
2028

3.7. Hydrated Defective MoS2 /Graphene
Heterostructure
The presence of vacancies in the graphene monolayer
cause out-of-plane deformations, as expected [89, 90].
Figure 10(B) shows that one of the 3 waters are dissociated, when adsorbed on defective MoS2 surfaces. However,
no water dissociation is observed, when waters adsorbed
on pristine MoS2 overlayered on defective graphene
(Fig. 10B(d)). Water adsorption and dissociation on MoS2
edges was studied by Ghuman et al. [91] who found that
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water will dissociate spontaneously at room temperature
on the Mo-edge site in addition to finite DOS (not shown).
We must state that we are not aware of past computational
studies on defective MoS2 /graphene heterostructures and
these unprecedented results provide guidance towards the
role of S-vacancy in improving HER.

KY NASA EPSCoR(UF subaward #3200000029-17-229),
and NSF-MRI (Grant#1429563), grants. The authors also
acknowledge an undergraduate student (Jacob Dobler) for
help in preparing some of the samples and optical property
measurements. The student co-author (T.R.) is thankful to
J. Andersland (Biology) for SEM and TEM training.
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